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Abstract We examine the theta-expansion of the eleven-dimensional supervielbein. We outline 
a systematic procedure which can be iterated to any order. We give explicit expressions for the 
vielbein and three-form potential components up to order 0{6^). Furthermore we show that at 
each order in the number of supergravity fields, in a perturbative expansion around flat space, 
it is possible to obtain exact expressions to all orders in theta. We give the explicit expression 
at linear order in the number of fields and we show how the procedure can be iterated to any 
desired order. As a byproduct we obtain the complete linear coupling of the supermembrane to 
the background supergravity fields, covariantly in component form. We discuss the implications 
of our results for M(atrix) theory. 



1 Introduction 



It has been hoped that the quantization of the world-volume theory of the eleven-dimensional 
supermembrane [1, 2], in analogy to the quantization of the superstring, would furnish a micro- 
scopic description of M-theory. However, a head-on approach to this problem has been stalled 
by certain features of the membrane which make it much less tractable than the superstring: 
the presence of nonlinearities and the absence of conformal invariance. 

On the other hand, it has been known for some time that supersymmetric matrix quantum 
mechanics (henceforth: matrix model) emerges as the finite-N regularization of the world-volume 
theory of the supermembrane in fiat eleven-dimensional spacetime in the light-cone frame [3]. 
Excitement at the prospect of being able to describe the supermembrane by such a simple theory 
as ordinary quantum mechanics was temporarily halted by the realization that the spectrum of 
the theory was continuous [4]. The latter fact was initially thought to signal the instability of 
the membrane. 

More recently, however, the large-N limit of the matrix model was conjectured to give the 
complete description of M-theory in uncompactificd flat space in the "infinite momentum frame" 
[5], and the issue of the continuous spectrum was resolved by recognizing that the Hilbert space 
of the theory contains multi-particle states. The original BFSS conjecture^ was later extended 
to finite N [6]. According to this, finite-N supersymmetric quantum mechanics describes the 
discretized light-cone quantization of M-theory with N units of compact momentum. It was 
subsequently argued that the finite-N conjecture follows from the BFSS [7, 8]. 

The argument of [7, 8] is still valid in the case of toroidal compactifications of M-theory. An 
extension of the conjecture to include general curved backgrounds is much less clear however, and 
several complicating issues arise [9, 10]. The original BFSS conjecture was recently generalized 
in [11] to include M-theory on the maximally-super symmetric eleven-dimensional plane wave 
background. In [12] the linear couplings of the matrix model to general background supergravity 
fields were derived within the context of matrix theory, up to quadratic order in the fermionic 
membrane coordinates (9). 

The same problem was approached from the point of view of the supermembrane in [13], gen- 
eralizing the work of [14] for the superparticle. The authors of [13] constructed the light-cone 
gauge-fixed membrane vertex operators describing the interactions of massless supermultiplets 
in the linearized approximation. These vertex operators are nothing but the linear couplings of 
the membrane to a general supergravity background. Contact with the matrix model was made 
by subsequently performing a finite-N regularization. A covariant computation to all orders in 
was deemed unfeasible and was not attempted. In fact no covariant vertex operators had been 
constructed, even for the superstring or the superparticle, until recently within Berkovits' pure- 
spinor approach [15, 16]. The vertex operators can be used to compute (or rather: to define) 
membrane scattering amplitudes [17, 18]. They are therefore interesting in their own right, in 
the hope that they may prove useful in probing the dynamics of M-theory. 

^Somewhat confusing is the fact that the BFSS succeeded the so-called "old matrix model", but the latter has 
recently succeeded in re-emerging as the new new one; as a result the BFSS is now the new old matrix model. 
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The (component form of the) world- volume theory of the supermembrane in a general supcrgrav- 
ity background is also an essential input in membrane-instanton computations [19, 20, 21, 22, 23]. 
Such nonperturbative effects have recently attracted a lot of attention in the context of cosmolog- 
ical models with moving branes. (The literature on the subject is already vast: see for example 
[24, 25, 26] and papers citing those). 

In principle, all information about the coupling of the elevcn-dimcnsional supermembrane to the 
background supergravity fields is contained in the action of [1, 2]. The latter, however, is given 
in superspace coordinates, in terms of the background supervielbein. Extracting information in 
component form from the supermembrane action boils down to the problem of obtaining the 6- 
expansion of the supervielbein. For a general superspace geometry, this problem has so far only 
been tackled iteratively. Clearly, iterating all the way up to 9^'^ (when the series terminates) is 
exceedingly tedious. All-order results are only known in special cases, namely for flat space and 
for the coset superspaces AdSi X 5^, AdS-j X 5^ [27, 28, 29, 30] (for a related type IIB discussion 
of AdS^ X see [31]). 

Partial results regarding terms to order 0^ in the expansion of the eleven-dimensional superviel- 
bein have appeared in the literature in [32]. The authors of [32] used a method called "gauge 
completion" which, as far as elegance is concerned, leaves a lot to be desired. The authors of [33] 
computed explicitly up to 0{6^) for a general background (and up to O(0^) for a bosonic back- 
ground) using the method of normal coordinates [34] . The latter is also known as the "covariant 
^-expansion" -the terminology referring to the fact that the gauge fields (graviton, gravitino) 
enter through the supervielbein and superconnection, and their derivatives enter through co- 
variant field-strengths. The method of normal coordinates takes advantage of the superspace 
formulation [35, 36] of eleven-dimensional supergravity [37] and, as opposed to gauge completion, 
is unambiguous and systematic. 

In this paper we use normal coordinates (we take the point of view that it is the most natural 
generalization of the Wess-Zumino gauge) to derive recursion relations between different levels of 
the ^-expansion. All results are eventually expressed in component form. We obtain the explicit 
expansion of the supervielbein to order 0{9^) and we find agreement with the existing literature 
referred to in the previous paragraph. More significantly, however, our way of presenting the 
recursion relations makes possible the following important observation: at each order in the 
number of fields, in a perturbative expansion around flat space, it is possible to obtain exact 
expressions to all orders in 9. We derive the explicit expressions at linear order in the number 
of fields, in section 6.1. We also explain how the procedure can be iterated to higher orders. 

Let us sketch the basic idea of our method. Our particular gauge-fixing choice leads to the 
equations ^ 

9^'{E/ - <5/) = 
r^^^A"" = 

and 

^We employ standard superspace notation. Further details can be found in the following sections. 
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The above allow us to systematically translate the order of the ^-expansion to the number of 
spinor derivatives, where the action of the latter on the various superfields is known. We note 
that knowledge of the ^-expansion of the superfield T^b"^ , the covariant gravitino field-strength, 
suffices to obtain the ^-expansion of all other superfields, the viclbcin in particular. On the 
other hand, in an expansion around flat space, the n-th level {T^^^j^'^) of the ^-expansion of the 
gravitino field-strength can be written schematically as 

t(") ^ ^a^ + jyW, n = 2k, 

nl 

^ (eR + edG) + U^''\ n = 2k + l, 

nl 

where U^^^ is a known expression nonlinear in the fields and O is a (matrix) differential operator 
quadratic in 9; schematically, O ~ {6T9)d. We have denoted by \1', G, the gravitino, Riemann 
tensor and four-form field strength of eleven-dimensional supergravity, respectively. Since C/^"^ 
is nonlinear, the equations above can be iterated to any order in the number of fields. In other 
words: perturbatively in the number of fields we can obtain expressions which are exact to all 
orders in 9. 

In the following section we review the superspace formulation of eleven-dimensional supergravity. 

In section 3 we describe the gauge-fixing procedure. In section 4 we obtain recursion relations 
which are then iterated in section 5 to obtain the explicit expansion of the vielbein and three- 
form potential to order 0{9^). The expansion in the number of fields is described in section 
6. The linear coupling of the covariant super membrane to the background fields, is given in 
section 7. Section 8 contains a discussion of future directions and possible applications of our 
results. Since this is a somewhat technical paper, for quick reference we have included an 
index of various definitions used, in appendix A. In appendix B we have included a note on our 
conventions concerning gamma matrices and spinor notation. Appendix C contains the vielbein 
and three-form potential expansions for the simplified case of a purely geometric background. 



2 On-shell IID supergravity in superspace 

This section is a summary of known results that can be found in or deduced from the literature. 
We have included it in order to establish notation and conventions, and to make the paper 
self-contained. 

Eleven-dimensional supergravity [37] admits a superspace formulation [35, 36]. Let A = (a, a); 
a = ... 10, a = 1 ... 32, be a flat superspace index and let E-^ = {E"', be the coframes of the 
(11132) super manifold. Moreover, let us introduce a connection one-form 0,a^ with Lorentzian 
structure group. The supertorsion and supercurvature are given by 

= DE^ := dE^ + E^Ub^ = ^E^E^Tbc^ 

Ra^ = dVLA^" + nA^nc"" = ^E''e'^Rcd,a' (1) 
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and obey the Bianchi identities 



DT^ = E^Rb^ 
A 



DRb'' = . (2) 

Note that for a Lorentzian structure group the second Bianchi identity follows from the first 
[38]. In a purely geometrical definition in terms of the supertorsion, it was shown in [39] that 
the equations of motion of IID supergravity follow from the constraint 

Tc/j" = -i{T'')ap . (3) 

In this formulation the physical fields of the theory, the graviton, the gravitino and the three- 
form potential, appear through their covariant field strengths. Namely, the curvature Rah,c^ 
is identified with the top component of the supercurvature, the gravitino field-strength Ta^" 
is identified with the dimension three-halves component of the supertorsion, while the four- 
form field strength Gabcd appears in the dimension-one components of the supertorsion and 
supercurvature. 

More explicitly, the remaining nonzero components of the supertorsion and supercurvature of 
undeformed IID supergravity are given by 



and 



Tap-" = {Ta'^^'lp^Ghcde (4) 



Ra(3,ab = i{T^ab'^'^'^^)al3Gcdef 

Rab,cd = i{<Sbcd''^)apTef'^ , (5) 



where 



rj- bcde \_ I r[fe-pc(ie] i bcde\ 

a — 36 \^ » 8 " y 

Sbaff := \ [nsW^ + r45i^ - r,6t6fj) . (6) 
Note that the Lorentz condition implies 

RABa'' = lRABcd{r"')J ■ (7) 

The action of the spinorial derivative on the physical field strengths is given by 

^aGabcd = ^i{^[abTcd])a 

^aTab^ = ■^Rab,cdi^'^)a^ - '^^laTb]a'^ - 2Tj„|Q,^T|5]/ 
'^aRab,cd = [a\Ra\b]cd ~ Tab^Reoccd + '^'T\^a\a Re\b]cd ■ (§) 
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The equations-of-motion that follow from (8) read 



^[aGbcde] = 



Rab - IrjabR = (CadfgGb''^'^ - ^^^G^^^eG''-^^') ■ (9) 

The equations above imply the existence of a closed superfour-form G which can be written 
locally in terms of a superpotential C, 

G = dG. (10) 
The only nonvanishing components of G are 

Gabcd, Ga/3ab = —ii^ab)al3- (H) 

In order to derive the equations of motion in component form, a little more work is required. 
Equations (10,11) together with 

Gmnpq = (-)™(-+"+^+f+«+«)(-)"(''+f+«+«)(-)P(«+9)^Q^^P^E^^EM''G'sCB^ (12) 

imply 



em''en%%''G^l, = 4a[^C^^,] - 6z(*[^r„p*,]) 



(13) 



where for any superfield S, 

:= -S|,=o (14) 

and we define 

pa — 77.(0) a 

iTr a I7'('^-' 

U^mA'' ■.= n^:^\^. (15) 

It follows from definition (1) that 



where we have defined 



On the other hand, 
together with (3) implies 



7^(0) ._ ^(0) a 

^mnk '^ma (^bk- (1'^) 

Tmn^ = {-r^''+'^Ej,''EM''TBC^ (18) 

TW„« = i(^'„r»^'„), (19) 
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where we have suppressed spinor indices for simphcity. Combining (16,19) we arrive at 







where 



Knkm ■■= \ {^mTk^n + '^nTm^k - ^k^n'^m) (21) 

and 

Note that the contorsion tensor K satisfies 



^\mn\p — n'^mnp- (23) 



[mn]p 2 "^"P 


With u we can associate a covariant derivative V which obeys 

^ a ^ k a a b 

^evi-Civit 

V which obeys 





where V is the Levi-Civita connection. Similarly, with oj we can associate a covariant derivative 



T^n^rn^ '■ — dn^rri^ ^nm^k'^ + ^nb — 0, (25) 

where ^ 

^mn ~r + ^mn' ■ (26) 



Proceeding as above, one can show that 



(27) 



where 

r„«^^'^ := ejTf''^'^. (28) 

Finahy, (1,19) together with 

Rmna^ = {-r^''^'^En''EM''RcDA'' (29) 

imply that 



em"en^eifc^e,'^i?i?,^ = R{u:)mnkl + m'Jlkl'''"^^ n)G^abcd ' 2^(^[m<5n]fei"'r^?) , 



(30) 



where 



Snkf^ '■= ^k'e.i'Sfab'^'^- (31) 

We arrive at the equations of motion in component form by taking (9) at ^ = and substituting 
(13,27,30). 

6 



3 Gauge-fixing 



The supervielbein contains an enormous amount of gauge freedom which can be fixed by using 
higher ^-levels of supersymmetry and Lorentz transformations. In this section we impose the 
most natural generahzation, to all levels of the ^-expansion, of the Wess-Zumino gauge. This 
leads to the system of normal coordinates introduced in [34] as a superspace generalization 
of the ordinary normal-coordinate expansion on Riemannian manifolds. As we will see below, 
significant simplifications occur when superspace quantities are expressed in these coordinates. 

Let us first introduce some notation. For any superfield S^^} we define the coefficients in the 
^-expansion as follows: 

32 

S{A} = Y.Silr (32) 

n=0 

where 

{A} ni...fj,„,{A} y I 

and {A} stands for all Lorentz indices. In particular, the ^-expansions of the vielbein and 
superconnection read 

32 

71=0 

32 



E>'^"---^'^^<.m„,m'^ (34) 



n=0 



and 



32 

(n) B 
MA 

n=0 
32 



E>''"---^'^^^£U.MA^ (35) 



respectively. Under supersymmetry and Lorentz tranformations with parameters and L^P 
respectively, the vielbein and superconnection transform as [40] 

bEu^ = -Vm^^ - ^Tbm^ + Em^Lb^ (36) 

and 

S^Ima^ = -^^ Rmca^ + ^MA^ Lc^ - Q,mc^La~^ - OmLa^, (37) 

where 

Vm?^ := Om^^ + ^MB^C"" ■ (38) 
As can be seen from (36), we can use C^^ji,^ to set 

E^T =^^- (39) 
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More generally, we can use ^jj^lt^/j^^i,^ to set to zero the totally antisymmetric parts 

E^""^ / = 0, 1< n < 32. 

Similarly, from (37) we see that we can use L^il\^ to set 

The higher ^-levels of the Lorentz transformation, a^, can be used to set 

1.^ = 0, l<n<32. 
The gauge-fixing conditions (39-42) imply 

e^'E^'' = 

and 

e^'n^A'' = 0, 

where we have defined 

Expressions (43), (44) are identical to (A3),(A4) of [34]. 
The inverse Ea'^ of the vielbein satisfies 

Ea^'Em^ = Si 
At zeroth-order in the ^-expansion we have 

= am 

^ a "a 

rn{0)ti _ _vr/ M — _p am 

At order n > 1 we get 

n-l 

Tp(n)m _ \^ Tp{r) M-p{n-r)a^ m 
^ A A ^ M 

r=0 
n-l 



r=0 



Using (47,48,43) it is straightforward to prove by induction that 

e'^EoT = 



Moreover, from (49,44) it follows that 

O'^UaA^ = 0. (50) 
We also have that for any superficld S (sTipprcssing any Lorentz indices) 

= B'^d^.S (51) 

and therefore 

g{n) ^ ("-^)' 0>^r ga, (y^^ _ _ _ Va.S)^"-'') . (52) 

Equation (51) is the same as equation (1) of [34]. 

4 Recursion 

4.1 GabcdiTab^ and Rabcd 

Using the results in the previous sections we can now obtain recursion relations that relate 
different levels in the ^?-expansions of the various superficlds. First let us first derive the recursion 
relations for G,T,R. These are readily obtained from (52), (8): 

GSL = ^(^r[.,T(j-)) 

\9T[a"^f%f''''''f'nGaiefG^d'e'f')^''-'^ 



n 

= ~{0S^a\cd'fUV\,]T,r)^-'^ - ^(^7^,//^'^)„(T„,"Ge/,,)("-^) 



For later use let us also note that 

rp{n) a _ 



T = ^^{(•A^[ar^)"MV|;,]re/^)("-^) + {Kb'''---''TpiG,^...c,Tc,ce'')^^-'^}, (54) 



where 



{Ma'^Tp := -l{eT'^T{BSabc''^)f3 + i2(0r„^-/)-(^r5e)/3 

W-'Tp ■■= -li9r^fnenef^-'^)pd^^6if + ^(0r^/)°(07j,^--45,],/^^«);3 

- i2{eT^,-^''^%f^-'T{eref)p - i2{eT^,'^-'^%f^'^'T{0^ef)/3 ■ (55) 

This formula is most easily derived as follows: act with V[q,j V^j] on Tab"', taking (8) into account; 
substitute the result in (52) for S Tab"", r ^ 2. 
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4.2 Om, -Em^ and Ea 



M 



We now turn to the derivation of recursion relations for the components of the connection and 
the vielbein. The first hne of definition (1) imphes 



Multiplying both sides by Qf^, taking (43,44) into account, gives 

^{n+l)a ^ _J_0uri. a q _ 

^ n + 2 ' 

Moreover, using (3), (18) we arrive at 





Ei"- 


fl)a ^ 
/' 


n+2 " ^ 


r? > . 


Similarly, we can show that 






hl)a _ 
m 


n + 1 ^ 


n> . 



The second line of definition (1) implies 
Multiplying both sides by 9^^ gives 



nab _|_ 2 ;///a6 

n 



n + 2 



r-=0 



(56) 



(57) 



(58) 



(59) 



(60) 



(61) 



The first equality is shown by taking (44) into account. The second one is a consequence of 
(29,43,5). Furthermore, using the recursion relations (53), (58) yields 



^(n+l) ^ ^ 

^lab ^ _,. 2 



cdef 



1 "^-^ 1 1 



r-=0 



n — r 



r + 2 



(62) 



where 



{C2ab'^)aP ■■= {eT^)a{eSgab'f)p . 



(63) 



Note that O^^^^j, = 0, as it should. This follows from (43) and the symmetry of TZ. 
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Similarly one can show that 
.(n+l) i 



mab 



n + 



n + n — r r + 1 "'P ■' 

r=0 

We are now ready to obtain recursion relations for the remaining components of the vielbein. 
The first line of definition (1) implies 



Multiplying both sides by 9'^, taking (43,44) into account, gives 

i-r(n+l)a _ ^ ( Qyrp{n) a _ qPqH a\ 



(65) 



n + 2 

\r=Q 



{r)arp(n-r)a Q(n) c 



n > 



(66) 



The second equality follows from (18). For n = in particular we have 



(67) 



as can be seen from (39), (41). For n > 1, we can further reduce (66) by using (62), (58), (4) 



^ (n + l)(n + 2) 



+ 



1 



n-2 



(n + l)(n + 2) 



r=0 



'n — r — 1 



1 



+ 



r + 2 
n + 1 



(n-r- l)(r + 2) 



(68) 



where 



(L>f ^^)^- := \{e'Roj,'^'^f)p{eT'''>r + (^r«)^(0r/'='^/)° 



1 



{Ffr^, := 6(^r„^-/)"(^r«)^(er,e)^ . 

Note that forn > it follows that 6"*£;^"^" = 0, as it should. 

We proceed similarly to arrive at the following recursion relations: 



(69) 



(0) 
cdef 



(70) 



and 
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^ ~ n{n + l) >^ ^'^''-f^ n{n + l) ^/^^"^ >^ 

1 

{n + l) 



r=0 

n 



(n-r-l)(r + l) 3 ; e/ ' 



(71) 

where 

(^2a'^);3" := " J (^5,e/'^)M^r^^)" + 6(0re/)^(^T,''-^)" . (72) 

Finally, note that if Em"^ is known to order 6^ and is known to order 9"'~^, then equations 
(48) can be used to derive Ea'^ to order 9". 



4.3 C 



MNP 



Let us turn to the recursion relations for the components of the three-form superpotential. The 
results of this section will be relevant to the derivation of the membrane action in section 7. 

By definition, the C-field satisfies 

45[mCjvpq} = Gmnpq- (73) 
Up to a gauge choice, the following is a solution of (73) at each order in the 9 expansion 

C(0) ^(j{0) ^(j{0) 

= (74) 

and 



rjin+l) _ 


1 




n + 4 


fjin+l) _ 


1 




n + 3 


r;{n+l) _ 


1 


Xamn 


n + 2 


fi{n+l) _ 
^mnp 


1 


nXMn) 

Xmnp 


n + l 



n > . (75) 

Together with (12), equations (74), (75) are enough to determine the 9 expansion of the C-field. 

The right-hand sides of the formulae above can be further reduced by taking (12), (11), (43) into 
account. Explicitly we find 

d^Gxn^a = —^iE(^fj,"'E,^^E^)^ {rab9)5 

G^G\ij,i,s = —iEn"-Ej'Es^{Tab9)^ — 2iEs"'E(^^j^Ej,)'^{Tab9)r^ 

^^Gx^rnn = —iEm^EnEa-^{TabG)5 — "^iEfj^ E]^^ En]' {V ^b^)^ 

G^Gxmnp = —'^'i'E]^^"'EnEp]'{Tab9)^ . (76) 
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4.4 Maximally-supersymmetric superspaces 



The recursion relations of the previous section can be solved iteratively, order-by-order in an 
expansion in powers of 6. We carry out this procedure in the next section, up to order 0{6^). As 
mentioned in the introduction, around flat space a 'dual' perturbative expansion is also possible: 
exact in 9 but perturbative in powers of the background fields. This is explained in detail in 
section 6. However, it has been known for some time that in the special case of maximally- 
supersymmetric bosonic backgrounds of the type AdS^ x S^~'^ one can obtain exact, closed 
expressions for the supervielbien components [27, 28, 29, 30, 31]. We now rederive this result 
using the methods of the present paper. 

We first note that in a bosonic background T^^^j^"' vanishes. Moreover, using (53), (25) it can be 
seen that the first 6 level of the gravitino field strength is given by 



T^'lb'' = eaVilier^TRi^Unp, + 2(07^^^^-)"(p„]Gp,,,) 

_ 'yfOT PITSq- p'q'r's' \a/^ \ 

= ere^e^(nj:Je" , (77) 

where Gpqrs '■= 49[pC^|!^j and {'R-mn)"^ p '■= {^m-,^n])°^ p is the curvature of the supercovariant 
derivative 

{limr^ := {VmTp - {T^ir^'TpGpqrs ■ (78) 



Note that in a bosonic background u =uj and T) =T). Killing spinors are parallel with respect 
to B. It follows that Killing spinors are eigenverctors of the supercurvature (TZmn) with zero 
eigenvalue and therefore in a maximally-supersymmetric space 

{TlmnTp = , (79) 

so that r'^^^jj" vanishes by (77). All possible solutions to (79) were classified in [41] up to local 
isometrics. These are: M^'^°, AdSA^ x S'^ , AdSj x S^, and the Hpp-wme. 

Since T^^^j^" is zero for n = 0, 1, it now follows by induction from (54) that T^b" vanishes identi- 
cally. Hence in the special case of maximally-supersymmetric spaces the gravitino field-strength 
drops out of the recursion relations (68), (71), which can now be solved straightforwardly. The 
result is 

E^^ = S/[V-'/hinhVV]p'' 

Em'' = E^\P[V-^l^sinhVV\p'' , (80) 

where 

[V\J := iiDr'^f'Gmnpq , (81) 

and the functions of V above are defined formally by their Taylor expansions around zero. The 
expressions for jj^^p'^ ■= eii^ ej* td^ D'f'^'^ and E^^ln'^ were given in (69), (70) respectively. The 
remaining components of the supervielbein follow similarly from (58), (59): 



Em'' = em'' + 2iE^^lP[V-^sinh^^]p-{T'^e)a . (82) 
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It can be seen that equations (80), (82) above are the same as (up to conventions) equations 
(22), (23) of [27], or equation (3.9) of [29f. The method presented here Uke [30] does not rely 
on coset-superspace techniques. As is clear from the derivation, formulae (80), (82) are valid for 
all eleven-dimensional maximally-supersymmetric bosonic backgrounds. 



5 Expansion up to 0{6^) 

We now give the explicit expressions for the first few terms in the ^-expansion of the vielbein 
and the C-field. Explicit (partial) results to order 9'^ have appeared in [32] (see also [42]). Our 
results are in complete agreement with those of [32] (cf. equations (4. 15), (4. 16) of that reference) 
to the order they have computed ^. 

The authors of [33] have computed the vielbein expansion to 0(6*^), but have omitted some 
tedious (albeit straightforward) steps that would facilitate the comparison of their expressions 
to the explicit formulae in this section. After some algebra, formulae (5.7)-(5.10) of [33] can be 
seen to agree with our results (to the order they have computed), apart from signs that may be 
attributed to different conventions ^. 

In the following we will need the explicit expressions for T^^\ T^'^\ These can be read off from 
(53),(54): 

T^'l"" = liOr^'TRfL + 2((?Tf„^'^^/)"(V,]Ge.e/)(°) 



where 



and 



where 



= ejrVmG^!^l^ 6i(*br[,,r(Jj) (84) 

r^'i" = ^(-M[arO"MV|,]re/)W + ^(AA„,'=--«)-^Gg) .,,rW , (85) 



2{^bI\^''%/''''''fG%G%,, . (86) 



^The matrix in those references is proportional to the matrix V of the present paper. 

*In order to translate the expressions of [32] to our conventions, one needs to make the following substitutions: 

9 — > "^^i ^ ~* '^^'^^^ ' ~^ 75*^'" ^'^"^ ~^ y/^E/j,"; Era" —> '^Em"', Bmnp ^ —Cmnp'-i Bmncr —>■ 

®Our B is equivalent to y of [33]. Note that there seem to be the following typos in [33]: 0{y^) in (5.8) should 

be replaced by 0{y*), 0{y^) in (5.10) should be replaced by 0{y'^), the factor of 1/2 in front of the second term 
on the right-hand side of (5.10) should be replaced by 1/6, the i in front of the second term on the right-hand 
side of (5.9) should be deleted. 
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Vielbein expansions 



Using formulae (58), (59), (67), (68), (70), (71) we find for the first few terms 

= 

(87) 



/r'(O) a _ p a 
^ m — ^rn 

= 42r^('^rnD't'Df^''''^''0)G%Gf,,,^, + 4(ri;)z?2™^/z^f^'^r»0)G2^, 

+ ilo (^^'^ + ^^^'^ + 3F3^y^^(r»^),^'^/^r«^ + l^{Tf^D^„,^fv-e) 
= 
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p(4) a _ 1 p,cdefj^c'd'e'f\aMO) ^(0) ^ ^T^O) D ef f.cdgh^aMO) 

-field expansions 

c(°) =0 

=0 

cil = 
c(^) =0 

c(°) =0 

cili = 
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c(°) =0 

amn 

^amn ~ ~2(^^mn)a 

- l{l(er^\[^^)a;„],, - ^-{eep^mn]e - {eT[^''''T^]e9)G^Xh}i(^na 

+ ^{^lmm{Df^'^T^^,9)^G%, - ^{^imrn]e9){Dr"'m^G^S^, 

+ l{-i(^^)a;[^|„, + \{eT<^\b9)cvim\gh - ieT^mf''s'^rab9)G%J{^in]r''9){9r% 
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Af), M^) = MO) 



g\-'-gh^^lm np\" J -r ^y--- I -r ^ 2 ^^-^ 3 I Pl\^ [mn^ )a-^ p\ ^ gh 



(94) 

6 Expansion in the number of fields 

In this section we expand our superspace geometry around the flat-space solution 

CX = ^ (95) 

and we show how to obtain results exact to all orders in the 6'-expansion, but perturbative in the 
number of fields hm"', ^m"; Cmnp- Note that in an expansion around flat space, the connection 
Um and the covariant field strengths T^^^j^" and -R^°^^ start at linear order in the fields 
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(95). More precisely, from equations (20), (13), (27), (30) we see that 

R^Xl = Sa'^n^Sd'EicoUnpg + ■ ■ ■ , (96) 

where the eUipses indicate terms quadratic or higher in the fields. 
Going back to section 4 we split (54) as follows 

T^l" = ^;^(^[/^)"/^ + Q^t" , (97) 

where the nonlinear piece Q reads 



n{n — 1) 

-,(n-2) 13 



n-2 



n{n - 1) 

^ ' r=0 



n-2 



W m/vy rp f3\{n-r-2) 



n-2 



+ E ^^'■f/(VMre/^)("-'^-^) . (98) 



We have defined 
so that 



r=0 



ha"^ := S:hn'5^ , (99) 



e„"^ = C - ha"^ + 0{h^) . (100) 
We can rewrite (97) more compactly using matrix notation and omitting spinor indices 

= :^;^^i^U''T^r"^ + Qi? , (101) 

where 

[OW^ := i[Mia'^]5,^'^d^ . (102) 

The point of the split in (101) is that once T^"^ is evaluated to any given order in the number 
of fields, Q*^"-* can be evaluated to the next order. This follows the fact that Q^"^ starts at 
quadratic order in the number fields, as can be seen from definition (98). 

Iterating (101) we obtain 



(2k)\ ' " ■ ^ (2fe)! 
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where T^^^ was given explicitly in (83). Using the above results, and the equations of the previous 
section, the vielbein and the connection can be computed iteratively in the number of fields. 
The same is true for the inverse vielbein Ea'^ , which can be seen as follows. Let us assume that 
Em^ is known to A;-th order in the fields and that Ea'^ is known to {k — l)-th order. Equation 
(48) implies 

n-l 

^ b ~ ^b ^ m "a ^ b m "oi 

r=l 

n—l n— 1 

- J2 E^fE^'^-'lV + Yl E^Te^'^^'IV . (104) 

r=0 r=0 

Clearly, the first term on the right-hand-side is known to fc-th order. The remaining terms on 
the right-hand-side are also known to fc-th order, because they start at quadratic order in the 
fields. Hence E^"^i^ can be computed to fc-th order, using the formula above. 

Similarly, for Ei,™' we have 

^^"b^"' = -e^PE^^^'^ea"' + '-E^^'-^l^'ir^d)^ 

n—l n— 2 

- Yl E^'l^E^'^-'-l'^ea!^ - Y E^'li^E^^'-^l'^ea!^ . (105) 

r=l r=0 

Note that the first line on the rhs is known to /c-th order, because Ep"" is so known by assumption 
and we have shown that E^^^^ can be computed to that order. The remaining terms are also known 
to A;-th order, because they start at quadratic order in the fields. One argues in the same fashion 
for the remaining Ep^ components of the inverse vielbein. 

Let us now illustrate the use of the formulae above, by computing the vielbein exactly in 9 and 
up to quadratic order in the fields. 

6.1 Linear order 

In this case Qab = and formula (103) reduces to 

Tab = [coshVOW^Tf^ + [0-^'''sinh^^OU^^T^)> , (106) 

where the functions of O above are formally defined by their Taylor expansions around zero. Of 
course the series terminate at order 6^'^. Note that in the linear approximation T^^) is given by 

T^f = {{G^'^TRTfcd + 2{eryj^^^^r5ff^dmG% . (i07) 

Moreover substituting (106) into (53), we arrive at the following linear-order expression for the 
four- form 

Gabc = Gil + Qter^ab (2^^' + (2^^' ^^'^^^'^ • 
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As a check the reader can verify for herself that 



Q'^d^Gabcd = Q'^'^aGabcd , (109) 

as follows from (108), (8), (106), taking into account that 9^'^^0 = 20 and 9^'^f,T^'^^ = T^^\ 

Equipped with (106), (108), we can now systematically derive expressions for all the other rel- 
evant superspace quantities. The strategy is straightforward: truncate to linear order the ex- 
pressions for the superconnection and vielbein components given in section 4.2, substituting 
(106), (108) where necessary. For the superconnection components we get 

^t^ab = -ji&'^ab'^^^)^iG^^^f 
fe=0 



fe=0 



and 



nmab = ^mab + iOS^ab^f ^{^-—^r^ + ^^^--^T^^)},^ . (Ill) 

For the vielbein components we get 

E^'' = 6'^ + AE^'' , (112) 

where 



•- 5 V ^abcd 

^ 1 / Ff F^^ Y r_^7-(0)T /; 

^^2fc + 4V(2fc + 3)(2A; + l) ^ 2(2A; + 3) ^2(2A; + 1)>' ^^^'(2ky. 



f^^2k + 5\{2k + 4){2k + 2) ^ 2(2fc + 4) ^ 2(2A; + 2)y '^^'^ (2A; + 1)! 



and 



(113) 

Em" = AEm" , (114) 
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where 



k=0 



{2k + 2)\ (2A; + 3)!' 



Finally, equations (58), (59) imply 



where 



(115) 



(116) 



fe=o 



i(r'^9). 



■( 



(2fe + 5)(2A; + 4) V(2fc + 3)(2A; + 1) 2(2A; + 3) 2(2A; + 1)7 ''^^{2k) 



2^ (Oh 4- fiV9fc -U K^l \'i 



k=0 



{2k + 6){2k + 5)\{2k + 4){2k + 2) 2{2k + A) 2{2k + 2)J ^'^^{2k + l)\ 



Qk 



and 



where 



(117) 
(118) 



k=0 



{2k + 3)\ {2k + 4)V 



(119) 

We will also need the inverse vielbein components Ej,'^ to linear order. Prom equations (104), 
(105) we obtain 



E,^ = -^h^ - ^{9T'frubef + m^^'fro^^^f 



k=0 



{2k + 2)1 (2A; + 3)! 



(120) 
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and 

It is straightforward to check that to linear order the expressions above satisfy Ef,^ Em^ = Si,'^, 
as they should. 

For the C-field we get 

c^ua = ^(r«^)(^(r^e),(r,fee),) + ac^,, , (122) 

where 



AC,.. := E{4^;^(r«^)(,(r^0).A£;("))«(r„,^)„ - -^AE^-l^{r'eur^,9)^)} . (123) 

Csf^u = ^(r»0)(,(r„6^),)<5,^ + AC,,, , (124) 



where 



n=0 ^ ' 

+ + ^^E^V^^M^'^e)^)} ■ (125) 



where 



AC„„. := ^{-^Ai?(";i„''(r„]„^). - -l-AE(-l-iT^r^0)a 

1 



n=0 



AE'']>"iT^Mr''e),} . (127) 



n + 3 i'" 



Cjnnp — ^Cjfijip , (128) 



where 



AC^,^ := C(?4 - ^ -A_A£;("j)^"(r„p]e)„ . (129) 



n=0 
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6.2 Quadratic order and beyond. 



n{n — 


1) 


i 




n{n — 


1) 


i 




n{n — 


1) 


i 




n{n — 


1) 


i 




n{n — 


1) 



In order to compute Ta^" to quadratic order, we have to determine Qab"- Ignoring terms that 
start at cubic order, from equation (98) we have 

n-2 

+ -^^.(MiaC^r^ <5|,]-5^(n(;;)T("-'-2))^/ 

r=0 

n-2 

n-2 

+ ^^^^^-^N^^)"/^ E ^^V^'^^^""^" e/ • (130) 

^ ^ r=0 

Therefore Qab" can be readily obtained by plugging into (130) the linear expressions for G, 
T, Qm, Ef,^^ obtained in section 6.1. Then T is computed to quadratic order using equation 
(103) and G is computed to quadratic order through the recursion relation (53). The connection 
and the vielbein are obtained to quadratic order by using formulae (58), (59), (62), (64), (68), (71). 
Clearly, this procedure can be iterated to any desired order in the number of fields. 

7 The supermembrane 

The eleven-dimensional supermembrane can be described by a superembedding 

Z : e(3|0) ^ m(ii|32) , (131) 

where 

Z^:={X^,e!i-) (132) 

are the membrane supercoordinates. For the purposes of this section we pass to superembedding 
notation whereby all target-space (i.e. eleven-dimensional) indices are underlined. The world- 
volume theory of the membrane is given by [1, 2] 

S = J^da'{^ + rG} , (133) 

where 

f*C := -e'^^PdmZ^dnZ^dpZ^CMNP (134) 

is the pull back of the C-field onto the membrane world-volume and g is the determinant of the 
Green-Schwarz metric 

9mn := [dmZ^EM^) [dnZ^E^) r]ab ■ (135) 
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7.1 Linear background 



Using the results of section 6, we are now ready compute the hnear coupHng of the superme- 
mbrane to an on-shell eleven-dimensional background. For the metric (135) we find, to linear 
order, 

9mn — Gmn + ^9mni (l^O) 

where 

Gmn '■= ^m-^n-Vab , (137) 

Agmn := 2U^rn-dn) Z^AEr/ Vab (138) 

and 

:= dmX^ - '-{dmOVH)) ; := X^d^ . (139) 

Note that Gmn is the Green-Schwarz metric for the case of fiat target space. The linear-order 
components (AEm-) of the eleven-dimensional vielbein were given explicitly in section 6.1, 
equations (113), (115), (117), (119). The determinant is given in the linear approximation by 

= ^TG (1 + AgmnG"^^) , (140) 

where G™''^ is the inverse of Gmn- Moreover, for the Wess-Zumino term in (133) we have 



rc = fAc + e^^'^pC-d^nX^dnX^dpeVa^e) 



+ ^dmX^{dneT'-e){dpeTabe) - ^{dm0r^){dner^){dpeTabe)} , (ui) 

where the linear-order components (A Cmnp ) of the three-form potential were given explicitly 
in section 6.1, equations (123), (125), (127), (129). 

To summarize, to linear order the coupling of the super membrane to the eleven-dimensional 
background is given by 

S = Sfiat + ^ daW^G^^Agmn + /*AC} , (142) 

where 

Sfiat := ^ da'iV^ + e^^^P [^dmX^dnX'-{dp9T ^9) + ^dmX^idn9T'-e)idp9Tabe) 

^ ^{dmer^9){dn9T'-d)idper^e)]} 

(143) 

is the action of a supermembrane in flat eleven-dimensional target space ^. 

^In order to translate the action (143) to the one given in equation (2.1) of [3], see footnote 4. 
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8 Outlook 



Our result in section 7.1 can be used to read off the covariant membrane vertex operator, 
to linear order in the background fields. The covariant superstring and superparticle vertex 
operators in the linearized approximation, can also be obtained by reduction. One could also 
use the results of section 6.2 to go beyond the linear approximation, to any desired order in 
the number of background fields. This may be a promising approach, alternative to [15], to 
formulating covariant scattering amplitudes for the superstring or the superparticle. 

By gauge-fixing to the light-cone gauge, one could of course compare with the existing results in 
the literature. The linearized light-cone membrane vertex operator of [13] terminates at order 
0^. It would be interesting to know if similar simplifications occur even when one introduces 
terms nonlinear in the background fields. In this case, one may hope that the full ^-expansion 
of the light-cone vertex operator, in a general supergravity background, may be computable. 

As already mentioned, one could regularize (142) in order to make contact with the matrix model 
and compare with the partial results obtained in [12]. Moreover, our methods make it readily 
possible to go beyond the linear order in the background fields. Subtleties arise already at the 
quadratic order [9, 10] and it would be of interest to have an explicit matrix-model candidate 
in this case. 

Another possible application concerns membrane (and also five-brane) instanton computations. 
These have so far been restricted to the case of membranes wrapping rigid, isolated super- 
symmetric cycles. In order to study the contribution of instantons with more zero modes, it 
is necessary to have knowledge of the higher terms in the ^-expansion of the supermembrane 
action. The explicit results of section 5 can be used for this purpose. 

Finally let us note that the methods of this paper can be readily carried over to other superspaces 
in lower dimensions, as well as to the case of deformed eleven-dimensional supergravity, where 
the latter is obtained by modifying the torsion constraints as in [43, 44]. This modification 
will result in deforming the action of the supercovariant spinor derivative -and, therefore, the 
recursion relations (53)- by the inclusion of higher-order curvature terms. In its turn this 
will induce higher-order curvature corrections to the remaining recursion relations presented in 
section 4. In [43, 44] the deformations to the torsion constraints were parametrized in terms of 
certain superficlds which were treated as 'black boxes'. In order to obtain explicit expressions 
however, these superfields would ultimately have to be expressed in terms of the fields in the 
massless multiplet. Unfortunately at present this remains a very difficult problem, although a 
systematic way to arrive at these explicit corrections has been proposed in [46]. 
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Appendix A: Definitions 



For the convenience of the reader in this section we include an alphabetical index of various 
definitions used in this paper. 

iCiab'^)ap, {C2ab^^)ai3- eqn (63) 

{Df'f)p»: cqn (69) 
{D2a'')p": eqn (72) 
Vrn- cqn (25) 

ACmnp: eqns (123),(125),(127),(129) 
AEm^: eqns (113), (115), (117), (119) 
em": eqn (15) 

(Ff^)"^„ {F^^Tf,,, {F^^TpY. eqn (69) 

r^: eqn (22) 

hm"': eqn (95) 

ha"": eqn (99) 

{Ma^^rp: eqn (55) 

{Mab^'-^Tp- eqn (55) 

[0]ab'^: eqn (102) 

^mA^: eqn (15) 

*m°: eqn (15) 

^'a'': eqn (47) 

g("),": eqn (98) 

Uab'"^'^: eqn (6) 

eqn (33) 
Sbcf^- eqn (6) 

6*": eqn (45) 

Appendix B: Gamma matrices 

In this section we explain our spinor notation and conventions for gamma matrices. 

Spinor indices are denoted by lower-case Greek letters and spinors always carry the spinor index 
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"upstairs". In eleven dimensions there is an antisymmetric charge-conjugation matrix, 

= -Cpo. , (144) 

which can be used to raise/lower indices on gamma matrices: 

(ra)a/3 := C«^(r„)>; {TaT'' := C"^(r„)/ , (145) 

where C"^ is the inverse of Cap- 

We denote by r"i - "" the antisymmetrized product of n gamma matrices 

■pai...a„ ._ p[ai pa„] (146) 

For n = 1, 2, 5 the antisymmetrized products are symmetric in the spinor indices, whereas for 
n = 0, 3, 4 they are antisymmetric. In particular we have 

Kf3 = ■ (147) 

In our conventions the Major ana condition reads 

e = e^ 'c . (148) 

We can use the above to drop the bar on the fermionic coordinate 9. For example, 

(^r„A) := (^r„)„A" = {e^''C)p{Tafa\'' = ^^c^/3(r„)^aA" = e^(r„)^„A" = (0r„A) . (i49) 
Appendix C: Pure geometry 

The expansions of section 5 simplify considerably in the case of a purely geometric background. 
By that we mean a bosonic background in which the four-form field strength vanishes ^. Of 
course in this case the on-shell equations of motion impose the Ricci-flatness condition. Note 
that Cmnp is not necessarily zero. This situation appears in many physically interesting settings, 

see for example [20]. 

In the case of a purely geometric background we have 

r^a6° = \i(^^''rRld (150) 



and 



= G^L = T^l" = T^l" = ■ (151) 



^There is a potential global obstruction to the vanishing of the four- form [45]. We are ignoring such subtleties 
here. 
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Taking the above into account we find 



^(3) a ^ Q 

" = 

^^'i" = 2i0 (^^'^ + + ^^^'0 ' (152) 

^(O) a _ a 
^ m — '^m 

E^'l" = 

= (153) 



and 



E^^l 



= 



= 



= 



5, 



(154) 




(155) 
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Expansions for the C field: 



c(°) =0 

=0 

Citl = 0, (156) 

= 
c% = 

+ i,{erab)i,{enu)ier'''^e)u;sef , (is?) 



c(°) =0 

amn 

C7(2) =0 

Camn = YQ^[m\gh{&'^'^'"'&)i&'^\n]e)a 

C^ln = , (158) 



=0 

c(^) =0 

cil = +^(?;?^2[„^^"r„p]^) 

+ ^(^r«'^'=^)^[m|,U(^^)^|np]e " ^(^r^''^'e|n^)^p],'/.'} • (159) 



30 



References 



[1] E. Bergshoeff, E. Sezgin and P. K. Townsend, "Supermembranes And Eleven-Dimensional 
Supergravity," Phys. Lett. B 189 (1987) 75. 

[2] E. Bergshoeff, E. Sezgin and P. K. Townsend, "Properties Of The Eleven-Dimensional Super 
Membrane Theory," Annals Phys. 185 (1988) 330. 

[3] B. de Wit, J. Hoppe and H. Nicolai, "On The Quantum Mechanics Of Supermembranes," 
Nucl. Phys. B 305 (1988) 545. 

[4] B. de Wit, M. Luscher and H. Nicolai, "The Supermembrane Is Unstable," Nucl. Phys. B 
320 (1989) 135. 

[5] T. Banks, W. Fischler, S. H. Shenker and L. Susskind, "M theory as a matrix model: A 
conjecture," Phys. Rev. D 55 (1997) 5112; hep-th/9610043. 

[6] L. Susskind, "Another conjecture about M(atrix) theory," hep-th/9704080. 

[7] A. Sen, "DO branes on T(n) and matrix theory," Adv. Theor. Math. Phys. 2 (1998) 51; 
hep-th/9709220. 

[8] N. Seiberg, "Why is the matrix model correct?," Phys. Rev. Lett. 79 (1997) 3577; hep- 
th/9710009. 

[9] M. R. Douglas, H. Ooguri and S. H. Shenker, "Issues in (M)atrix model compactification," 
Phys. Lett. B 402 (1997) 36; hep-th/9702203. 

[10] M. R. Douglas and H. Ooguri, "Why matrix theory is hard," Phys. Lett. B 425 (1998) 71; 
hep-th/9710178. 

[11] D. Bcrenstein, J. M. Maldacena and H. Nastasc, "Strings in flat space and pp waves from 
N = 4 super Yang Mills," JHEP 0204 (2002) 013; hep-th/0202021. 

[12] W. I. Taylor and M. Van Raamsdonk, "Supergravity currents and linearized interactions 
for matrix theory configurations with fermionic backgrounds," JHEP 9904 (1999) 013; 
hep-th/9812239. 

[13] A. Dasgupta, H. Nicolai and J. Plefka, "Vertex operators for the supermembrane," JHEP 
0005 (2000) 007; hep-th/0003280. 

[14] M. B. Green, M. Gutperle and H. H. Kwon, "Light-cone quantum mechanics of the eleven- 
dimensional superparticle," JHEP 9908 (1999) 012; hep-th/9907155. 

[15] N. Berkovits, "Super-Poincare covariant quantization of the superstring," JHEP 0004 
(2000) 018; hep-th/0001035. 

[16] N. Berkovits, "Covariant quantization of the supermembrane," JHEP 0209 (2002) 051; 
hep-th/0201151. 



31 



[17] J. Plefka, "Vertex operators for the supcrmembrane and background field matrix theory," 
Int. J. Mod. Phys. A 16 (2001) 660; hcp-th/0009193. 

[18] B. Piohne, H. Nicolai, J. Plefka and A. Waldron, "i?^ couplings, the fundamental membrane 
and exceptional theta correspondences," JHEP 0103 (2001) 036; hep-th/0102123. 

[19] K. Becker, M. Becker and A. Strominger, "Five-branes, membranes and nonperturbative 
string theory," Nucl. Phys. B 456 (1995) 130; hep-th/9507158. 

[20] J. A. Harvey and G. W. Moore, "Superpotentials and membrane instantons," hep- 
th/9907026. 

[21] G. W. Moore, G. Peradze and N. Saulina, "Instabilities in heterotic M-theory induced by 
open membrane instantons," Nucl. Phys. B 607 (2001) 117; hep-th/0012104. 

[22] E. Lima, B. A. Ovrut, J. Park and R. Reinbacher, "Non-perturbative superpotential 
from membrane instantons in heterotic M-theory," Nucl. Phys. B 614 (2001) 117; hep- 
th/0101049. 

[23] E. Lima, B. A. Ovrut and J. Park, "Five-brane superpotentials in heterotic M-theory," 
Nucl. Phys. B 626 (2002) 113; hep-th/0102046. 

[24] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, "The ekpyrotic universe: Colliding 
branes and the origin of the hot big bang," Phys. Rev. D 64 (2001) 123522; hep-th/0103239. 

[25] R. Kallosh, L. Kofman and A. D. Linde, "Pyrotechnic universe," Phys. Rev. D 64 (2001) 
123523; hep-th/0104073. 

[26] R. Kallosh, L. Kofman, A. D. Linde and A. A. Tseytlin, "BPS branes in cosmology," Phys. 
Rev. D 64 (2001) 123524; hep-th/0106241. 

[27] R. Kallosh, J. Rahmfeld and A. Rajaraman, "Near horizon superspace," JHEP 9809 (1998) 
002; hcp-th/9805217. 

[28] G. Dall'Agata, D. Fabbri, C. Eraser, P. Ere, P. Termonia and M. Trigiante, "The Osp(8|4) 
singleton action from the supermembrane," Nucl. Phys. B 542 (1999) 157; hep-th/9807115. 

[29] B. dc Wit, K. Pcctcrs, J. Plefka and A. Sevrin, "The M-theory two-brane in AdS(4) x S(7) 
and AdS(7) x S(4)," Phys. Lett. B 443 (1998) 153; hep-th/9808052. 

[30] P. Glaus, "Super M-brane actions in AdS(4) x S(7) and AdS(7) x S(4)," Phys. Rev. D 59 
(1999) 066003; hep-th/9809045. 

[31] R. R. Metsaev and A. A. Tseytlin, "Type IIB superstring action in AdS(5) x S(5) back- 
ground," Nucl. Phys. B 533 (1998) 109; hep-th/9805028. 

[32] B. de Wit, K. Peeters and J. Plefka, "Superspace geometry for supermembrane back- 
grounds," Nucl. Phys. B 532 (1998) 99; hep-th/9803209. 

[33] M. T. Grisaru and M. E. Knutt, "Norcor vs the abominable gauge completion," Phys. Lett. 
B 500 (2001) 188; hep-th/0011173. 



32 



[34] I. N. McArthur, "Superspace Normal Coordinates," Class. Quant. Grav. 1, 233 (1984). 

[35] E. Cremmer and S. Ferrara, "Formulation Of Eleven-Dimensional Supergravity In Super- 
space," Phys. Lett. B 91 (1980) 61. 

[36] L. Brink and P. S. Howe, "Eleven-Dimensional Supergravity On The Mass - Shell In Su- 
perspace," Phys. Lett. B 91 (1980) 384. 

[37] E. Cremmer, B. Julia and J. Scherk, "Supergravity Theory In 11 Dimensions," Phys. Lett. 
B 76 (1978) 409. 

[38] N. Dragon, "Torsion And Curvature In Extended Supergravity" Z. Phys. C 2 (1979) 29. 
[39] P. S. Howe, "Weyl superspace," hep-th/9707184, Phys. Lett. B 415 (1997) 149. 
[40] J. Wess and J. Bagger, "Supersymmetry and supergravity". 

[41] J. Figueroa-O'Farrill and G. Papadopoulos, "Maximally supersymmetric solutions of ten- 
and eleven-dimensional supergravities," JHEP 0303 (2003) 048; hep-th/0211089. 

[42] Y. Shibusa, "A configuration of 11-dimensional curved superspace as backgrounds for su- 
permembrane," Mod. Phys. Lett. A 14 (1999) 2767; hep-th/0004023. S. Yuuichirou, "A 
component of superconnection of 11-dimensional curved superspace at second order in an- 
ticommuting coordinates," Prog. Theor. Phys. 104 (2000) 249; hep-th/0005196. 

[43] M. Cederwall, U. Gran, M. Nielsen and B. E. W. Nilsson, "Manifestly supersymmetric 
M-theory," JHEP 0010 (2000) 041; hep-th/0007035. 

[44] M. Cederwall, U. Gran, B. E. W. Nilsson and D. Tsimpis, "Supersymmetric corrections to 
eleven-dimensional supergravity," to appear. 

[45] E. Witten, "On flux quantization in M-theory and the effective action," J. Geom. Phys. 22 
(1997); hep-th/9609122. 

[46] P. S. Howe and D. Tsimpis, "On higher-order corrections in M theory," JHEP 0309 (2003) 
038; hep-th/0305129. 



33 



